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ABSTRACT: High-pressure carbon monoxide (HiPCO) single-
walled carbon nanotubes (SWCNTs) were heat treated at high
temperatures from 1700 to 3000 °C. During the heating below
2500 °C, the diameters of the SWCNTs gradually increase from
∼1.0 to >1.5 nm, and at the temperatures higher than 2500 °C,
double-, triple-, multiwalled carbon nanotubes (MWCNTs) appear
as a consequence of the coalescence of SWCNT bundles. It is
surprising that most MWCNTs have odd number of walls, such as
3 or 5. The even−odd number effect agrees well with the
mechanism of SWCNT bundle coalescence proposed by Loṕez, M.
J. et al. [Phys. Rev. Lett. 2002, 89, 255501], in which an SWCNT
that templated the layer by layer coalescence of surrounding
SWCNTs is responsible for the enrichment of MWCNTs with odd
number of walls. This study confirms the mechanism of SWCNT bundle coalescence, discovers an interesting odd−even number of
walls effect in the consequent MWCNTs, and suggests that it is possible to obtain structure-controllable MWCNTs via SWCNT
bundle coalescence.
■ INTRODUCTION
Carbon nanotubes (CNTs) have been considered as novel
materials for many important applications due to their
outstanding properties, such as high electric and thermal
conductivities, very high thermal stability, and outstanding
mechanical strength since their discovery in 1991.1 A great deal
of effort has been dedicated to controlling the structure of
CNTs as well as their properties2−4 either during synthesis or
by post-synthesis treatment5−8 for various applications.
Particularly, Bronikowski et al. introduced a high-pressure
carbon monoxide (HiPCO) method to synthesize single-
walled carbon nanotubes (SWCNTs), in which Fe(CO)5 and
high-pressure CO were introduced into a tube furnace as
catalysts to continuously produce SWCNTs with narrow
diameters of ∼0.7 to 1.2 nm.8
Heat treatment of SWCNTs has been considered an
important post-growth technique to tailor the structure and
properties of the CNTs. In 1997, Nikolaev et al. reported the
SWCNT diameter doubling as a consequence of SWCNT
coalescence by the heat treatment at a temperature of 1400
°C.9 The driving force of the SWCNT coalescence is known as
the reduced strain energy and the SWCNTs with exactly the
same chiral angle can coalesce seamlessly in a bundle. In 2001,
Yudasaka et al. heat treated the HiPCO SWCNTs from 1000
to 2000 °C for 5 h in vacuum and the Raman spectra showed
that the diameters of SWCNTs became larger and larger
gradually.10 They proposed another mechanism of the
SWCNT structure change during heat treatment: the diameter
of an SWCNT can gradually change by self-reconstruction. In
2002, Met́eńier et al. observed the formation of multiwalled
CNTs (MWCNTs) after the heat treatment of SWCNT
bundles at a temperature higher than 2200 °C.11 Later, a
mechanism of SWCNT bundle coalescence, many SWCNTs
coalesce around the central SWCNT, was proposed to
understand the experimental observation.12
Here, we report an experimental study of the heat treatment
of HiPCO SWNTs in a broader temperature range of 1700−
3000 °C with a rapid joule heating system, which allows the
SWCNT samples to be heated to the targeted temperature
within 10 s. Our study reveals that the diameter of SWCNTs
keeps on increasing with the increase of the temperature until
2500 °C and then MWCNTs start to form at higher
temperatures. A careful measurement of the MWCNTs
showed that most MWCNTs have odd number of walls,
such as 3 or 5, and only few of them have even number of
walls. Based on the previously proposed mechanism of the
central SWCNT that templated the coalescence of surrounding
SWCNTs, we successfully explained the odd−even effect and
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further confirmed the previously proposed mechanism of
SWCNT bundle coalescence.
■ RESULTS AND DISCUSSION
The diameters of pristine HiPCO SWCNTs can be
determined by the radial breathing mode (RBM) of the
Raman spectra and transmission electron microscopy (TEM)
images, as shown in Figure 1. The dominant Raman RBM
peaks of the pristine sample are 183, 231, and 267 cm−1. Using
the equation d = 248/ωRBM,
17 these peaks correspond to
diameters of 1.35, 1.07, and 0.93 nm, respectively, as shown in
Figure 1b. From the TEM images (Figure 1c,d), we can see
that most pristine SWCNTs have diameters in the range of
0.9−1.3 nm and are bundled together. The number of
SWCNTs in a bundle ranges from a few to many tens.
In Figure 2a, the dominating RBM peaks of the pristine
SWCNT sample and those heated to different temperatures
are marked by arrows. Below a temperature of 2000 °C, the
positions of the three dominating RBM peaks, 183, 231, and
267 cm−1, remain the same but the high-frequency peaks (231
and 267 cm−1) keep on decreasing with the increase of the
temperature, implying that smaller SWCNTs gradually become
larger and larger but the largest ones remain unchanged. It is
important to note that there are no RBM peaks of SWCNTs
with diameters of ∼2 nm, which means that the gradual
disappearance of the small-diameter SWCNTs is not a
consequence of SWCNT doubling or coalescence. So, we
believe that the disappearance of the small SWCNTs at
temperatures lower than 2000 °C is mainly caused by the
reconstruction of the SWCNTs. At a temperature of 2300 °C,
new RBM peaks (144 and 169 cm−1) emerge and the
corresponding diameters of the new SWCNTs (1.46 and 1.72
nm) are very close to the double of the diameters of the
smallest HiPCO SWCNTs, 0.7−0.8 nm, which implies that the
smallest SWCNTs in the HiPCO sample start to coalesce at
2300 °C. On further increasing the temperature to 2700 °C, an
RBM peak, 115 cm−1, which corresponds to the SWCNT with
a diameter of 2.15 nm appears. So, we believe that the doubling
of large SWCNTs requires a high temperature.
In summary, we have observed two mechanisms of the
HiPCO SWCNT structure transformation during heat treat-
ment: the diameter of small SWCNTs can be gradually
enlarged by the structural transformation and the coalescence
of the SWCNTs occurs at higher temperatures. Besides, our
study also confirms that both the structural transformation and
the coalescence of larger SWCNTs require a higher temper-
ature than those for smaller ones.
The G peaks (1580 cm−1) of the pristine and heat-treated
SWCNTs are shown in Figure 2b. We can clearly see that the
left shoulder of the G peak (∼1500 cm−1) gradually decreases
with the increase of the heat treatment temperature and
eventually disappears at 3000 °C. This agrees with the
disappearance of the small-diameter SWCNTs and the metallic
SWCNTs, which are known less stable than the semi-
conducting ones.18
Figure 1. Characterization of pristine HiPCO SWCNTs. (a) RBM peaks; (b) diameter distribution; and (c, d) TEM images.
Figure 2. Raman spectra of the HiPCO pristine sample heat treated at
different temperatures (estimated diameters (nm) from radial
breathing mode are indicated). (a) Radial breathing mode and (b)
G and D peaks.
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The heated CNT samples were further characterized by
transmission electron microscopy (TEM) (Figure 3).
Compared to the pristine sample (Figure 1c,d), Figure 3
clearly shows that metal particles disappear quickly during heat
treatment. Although the metal clusters disappear at 1700 °C,
the diameter and quality of original SWCNTs are not changed
as shown by the Raman RBM peaks and the G/D ratio (Figure
2a,b). This agrees well with the previous report that Fe
particles cannot affect the structural changes of the SWCNTs
at higher temperatures.19 Consistent with the results shown in
the Raman spectra (Figure 2a), the diameters of the SWCNTs
remain the same at 1700 °C or lower temperatures. At 2300
°C, all CNTs are SWCNTs, although their diameters are
significantly larger than those of the pristine ones. From 2500
°C, more and more MWCNTs start to appear and the number
of walls becomes larger and larger. Besides the straight CNTs,
structures like the bending CNT junctions and CNTs with
irregular diameters and varying number of walls are frequently
seen (the red dotted line in Figure 3).
Figure 4a shows the correlation between diameters and the
number of walls of some typical CNTs after heat treatment at
2700 °C, and Figure 4b−e shows some typical MWCNTs with
different number of walls. First, we can see that there is no
CNT with a diameter smaller than 1 nm and the diameters of
the new CNTs are distributed in a much broader range, from 1
to 10 nm. The diameters of SWCNTs range from 1 to 5 nm
and those of triple- and 5-walled CNTs range from 3 to 8 and
6 to 10 nm, respectively. From the TEM images (Figure 3), we
Figure 3. TEM images of HiPCO SWCNTs after heat treatment at various temperatures (red dotted marks show unique features caused by heat
treatment).
Figure 4. (a) Statistics about the diameter and number of nanotube walls after heat treatment at 2700 °C. TEM images with (b) double-walled, (c)
triple-walled, (d) 4-walled, and (e) 5-walled carbon nanotubes.
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can see that the average number of tubes in each bundle is
around 2−5, which is significantly smaller than that of the
pristine bundles. This is clear evidence that the SWCNT
coalescence in a bundle occurred during heat treatment. To
form a triple-walled CNT of ∼5 nm, the coalescence of 15
SWCNTs of ∼1 nm is required. So, we believe that the
existence of large SWCNT bundles in the pristine HiPCO
sample is responsible for the formation of large diameter
MWCNTs.
It is surprising that the number of double-walled and 4-
walled CNTs are very few. Among the observed 180 CNTs, we
have observed only one DWCNT and two 4-walled CNTs, but
17 triple-walled CNTs and six 5-walled CNTs are clearly
identified (Figure 4a). This observation implies that the
formation of CNTs with even number of walls is forbidden
during the coalescence of SWCNT bundles. So, why is this the
case?
It is important to note that the coalescence of two SWCNTs
and sequential coalescence of many SWCNTs always lead to a
large SWCNT. So, the formation of an MWCNT must be
different from SWCNT doubling observed by Nikolaev et al.9
In 2002, Loṕez et al. proposed a mechanism of the MWCNT
growth, in which the coalescence of a 7-SWCNT bundle was
explored by molecular dynamic simulation.12 During the
molecular dynamic simulation, the spontaneous coalescence
of the six surrounding SWCNTs around the central one finally
leads to a triple-walled CNT. Following such a mechanism, we
plot two coalescence processes of SWCNT bundles shown in
Figure 5a,b, one of which results in a triple-walled CNT with a
short wall−wall distance and another one leads to a triple-
walled CNT with a large wall−wall distance. It is interesting to
note that both types of MWCNTs have been observed in our
TEM images (Figure 5d,e). Such a mechanism can be
extended to explain the formation of 5-walled CNTs as well,
where the further coalescence of the surrounding SWCNTs
around a triple-walled CNT finally leads to a 5-walled
MWCNT. The key part of the mechanism is that the
sequential coalescence of a few SWCNTs always leads to an
enlarged SWCNT and the spontaneous coalescence of the
surrounding SWCNTs will add two layers to the SWCNT
every time. So, MWCNTs with even number of walls are
forbidden in such a coalescence process. Besides the formation
of MWCNTs, the formation of various CNT junctions can also
be easily explained.
Figure 5. (a, d) Mechanism of transformation into a triple-walled tube and the TEM image; (b, e) mechanism of CNT coalescence that has
different diameters in the same tube and the TEM image; and (c) mechanism to transform into a 5-walled tube in more bundles.
Figure 6. Coalescence of (6,6) SWCNTs: (a) (6,6) + (6,6) SWCNTs, (b) (6,6) + (12,12) SWCNTs, and (c) spontaneous coalescence of nine
(6,6) SWCNTs around a dummy (12,12) SWCNT. The GSW step is given below each snapshot.
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To confirm our proposed mechanism above, we performed
energy-driven Monte Carlo (EDKMC) simulations on three
typical scenarios of the SWNT coalescence, as shown in Figure
6. Figure 6a,b shows the sequential coalescence of three
SWNTs of (6,6) chirality. As shown in Figure 6a, at first, two
(6,6) SWCNTs connect to each other with a neck formed
initially. Similar to the previous studies,13−15 the whole
structure transformation is driven by the fast decrease of the
high curvature energy of the system. For this reason, the neck
section with ultrahigh curvature energy becomes fatter and
fatter and the C−C bonds connecting the up and bottom
carbon layers break gradually. Finally, a perfect single-walled
carbon nanotube of (12,12) is formed at the 3500 GSW step.
Figure 6b shows the coalescence of the third (6,6) SWCNT
with the (12,12) SWCNT just formed at the 12 000 GSW step.
Obviously, the ultimate structure is still a single-walled carbon
nanotube with a larger size, which agrees well with our
proposed result on the sequential coalescence. The sponta-
neous coalescence of an SWCNT loop around the central
SWCNT, however, will lead to an MWCNT with odd carbon
walls. As shown in Figure 6c, the nine (6,6) SWCNTs around
the (12,12) SWCNT can merge together with the nine necks
and disappear gradually. At the 20 600 GSW step, the outer
and inner walls start to separate with only few bonds
connected. Finally, at the 25 000 GSW step, a triple-walled
carbon nanotube is formed. Of course, the wall−wall distance
depends on the size of the central SWCNT. If the size of the
central SWCNT is too small, the uneven wall−wall distance
appears.
■ CONCLUSIONS
We studied the structure and diameter changes in HiPCO
SWCNTs during heat treatment. The diameters of the tubes
first gradually enlarged at 2000 °C and then the coalescence of
small SWCNT bundles led to large SWCNTs but the
coalescence of large SWCNT bundles (with number of
SWCNTs >10) led to MWCNTs with odd number of walls
at temperatures higher than 2500 °C. With this experimental
result, we further demonstrated the previously discussed
mechanism to clear through the EDKMC simulation works.
Also, we observed that some SWCNTs transformed into
various nanostructures. It is clear that SWCNTs are not very
stable at a high temperature and the structure transformed
from the SWCNTs highly depends on the environment and
conditions of annealing. Based on these observations, we
suggested a novel mechanism of SWCNT bundle coalescence,
which led to MWCNTs with odd number of walls during heat
treatment. It is worth studying further because it can be a novel
method to control the diameter and number of walls for
various applications, such as in energy storage, nano-
composites, etc.
■ EXPERIMENTAL AND SIMULATION DETAILS
Experiment. A HiPCO SWCNT dry powder was
purchased from ChemElectronics, Inc. The diameter range of
SWCNTs was 0.8−1.2 nm and the quantity of the residue,
which was reported as Fe in the sample, was about <35 wt %.
According to thermogravimetric analysis (TGA) from the
manufacturer, the Fe residue was fully converted into Fe2O3 at
a temperature higher than 800 °C. All of the specimens in this
study were prepared in a graphite filament crucible without
further purification (Figure 7).
The temperature of the rapid joule heating system was
controlled by alternating current (AC) up to 600 A (Figure 7)
and measured by a pyrometer. The SWCNT sample was
enclosed inside a graphite filament crucible made of carbon
fiber, both sides of which were connected to two electrodes.
The current passing through the graphite filament crucible
heated the SWCNTs to the desired temperature quickly (in
∼10 s) and the maximum temperature reached 3000 °C. The
rapid heating system had a very high ramping rate and both the
working pressure and the gas environment inside the chamber
were controllable. In this study, the ramping rate was set to 10
sand and all of the SWCNT samples were heat treated for 10
min in an Ar gas of 770 Torr. After treatment, the sample was
dispersed in ethanol with sodium dodecyl sulfate (SDS) for 1 h
by ultrasonication. Then, the samples were characterized by
Raman spectra with a 532 nm green laser and a transmission
electron microscope (TEM).
Modeling and Simulation. The self-developed energy-
driven Monte Carlo (EDKMC) method13−15 was applied to
simulate the coalescence of the SWCNT bundle. In the carbon
system, the REBO2 potential was used to describe the covalent
bonds and van der Waals interactions in and between the
carbon layers. As shown in Figure S2, the structure
transformation was realized by the random 90° rotations of
the C−C bond in the carbon system, which is also called the
generalized Stone−Wales (GSW) transformation.16 The
accepted probability of each bond rotation was determined
by exp(−ΔE/kT), where ΔE = Ef − Ei, Ef and Ei are the
energies of the optimized structures after and before the bond
rotations, k is the Boltzmann constant, and T is the
temperature (T = 3000 K). Therefore, we use steps of
generalized Stone−Wales (GSW) transformation to reflect the
steps of the accepted bond rotations. The detailed running
program of EDKMC is shown in Figure S3. In this article, the
sequential coalescence of three SWCNTs of (6,6) chiralities
(i.e., (6,6) + (6,6) SWCNTs and (6,6) + (12,12) SWCNTs)
and the spontaneous coalescence of multiple (6,6) SCWNTs
around a large dummy (12,12) SWCNT were simulated. The
three initial structures are shown in Figure S1. In these models,
the periodic conditions with eight repeated zigzag units (19.68
Å) along the length directions were adopted to mimic the
infinite SWCNTs. The atom numbers of (6,6) + (6,6)
SWCNTs, (12,12) + (6,6) SCNTs, and multiple (6,6)
SCWNTs around the dummy (12,12) SWCNT were 384,
576, and 1728, respectively. The distance between the two
adjacent coalesced SWCNTs was ∼1.4 Å.
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